Introduction {#sec1}
============

Galactofuranosyl transferase 2 (GlfT2) is a bacterial glycosyltransferase from *Mycobacterium tuberculosis*. The enzyme catalyzes the transfer of galactofuranose (Galf) from a donor substrate, UDP-Galf, onto a growing galactan chain formed from Galf units. The structure of GlfT2 with both donor and acceptor substrates is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. GlfT2 is responsible for the galactan biosynthesis of the bacterial cell wall, which is essential for survival. Compounds that can inhibit galactan biosynthesis are therefore potential therapeutics for tuberculosis. Knowledge of the catalytic mechanism of GlfT2 is a prerequisite for the rational design of such compounds and has been of increasing focus recently.^[@ref1]−[@ref6]^ The enzyme is a bifunctional glycosyltransferase, which catalyzes the formation of alternate β-(1--6) and β-(1--5) linkages between Galf residues. GlfT2 is the processive enzyme with the growing glycan chain that remains bound through multiple Galf transfers. It has been suggested^[@ref3],[@ref6]^ that the reaction proceeds at a single catalytic center.^[@ref7]^ The reaction is terminated once the Galf chain reaches 25--30 units, and then galactan dissociates from GlfT2.

![GlfT2 with both donor and acceptor substrates bound (shown in licorice). Different domains of GlfT2 are distinguished by color. The ternary complex structures were built from the coordinates generated in our previous work.^[@ref8]^](ao0c01434_0002){#fig1}

The GlfT2 processive cycle can be described as a sequence of three elementary steps. In the first chemical step, GlfT2 catalyzes the formation of a new glycosidic {β-(1--6) or β-(1--5)} linkage. The chemical step is followed by a translocation step, which reorients the nonreducing end of the assembled galactan to be available for the second chemical step, the formation of another glycosidic {β-(1--5) or β-(1--6)} linkage. This cycle is illustrated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![Schematic depiction of the catalytic cycle of GlfT2 using either Acc1 (A) or Acc2 (B) as the acceptor substrate.](ao0c01434_0003){#fig2}

We have recently investigated both chemical reactions leading to the β-(1--6) and β-(1--5) linkages, respectively.^[@ref8]^ A quantum mechanics/molecular mechanics (QM/MM) molecular dynamics study described the chemical steps of the catalytic mechanism at the atomistic level and revealed that β-(1--6) and β-(1--5) proceed via the same S~N~2-like reaction mechanism with a dissociative oxocarbenium transition state. The calculated reaction barrier was found to be similar for both reactions. It has been postulated^[@ref3]^ that the ability of the catalytic Asp372 to form a functioning orientation with the O6H and O5H hydroxyl groups is crucial for the bifunctional activity of GlfT2. However, we still lack atomistic details of this process, which would provide insight into the mechanism of the formation of alternating glycosidic linkages. Key questions are how the nucleophilic hydroxyl groups (O6H or O5H) switch between the two distinct catalytically productive orientations in a single catalytic site and how this translocation step affects the reaction rate.

In this study, we apply the transition path sampling (TPS)^[@ref9]^ method to address the role of the translocation step in the entire catalytic process. The use of TPS is especially suitable for the examination of the translocation step since the geometrical features of the starting structure, as well as the final structure of the translocation step, are known, but the translocation mechanism is unknown. This study represents a continuation of our recent QM/MM molecular dynamics investigation of the chemical steps of the GlfT2 reaction mechanism.^[@ref8]^ Two different acceptor substrates were used in our TPS simulations ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The first substrate represented the acceptor substrate after a β-(1--6) reaction (labeled Acc1), and the second represented the acceptor substrate after a β-(1--5) reaction (labeled Acc2). The translocation step reorients the Acc1 and Acc2 substrates to the proper position for the β-(1--5) and β-(1--6) reactions, respectively. Each acceptor substrate was placed in three different enzymatic environments of the active site. In the first, the catalytic Asp372 was protonated and UDP (charge −3) was deprotonated (labeled AspH); in the second, UDP (charge −2) was protonated and Asp372 was deprotonated (labeled UDPh); and in the third, UDP was removed from the active site (labeled noUDP). Thus, in total, we simulated six different systems. TPS results offer an insight into the translocation step at the atomistic level. Also, our study provides transition state structures and estimates reaction barriers for the translocation step.

![Schematic representation of the two acceptor substrates (Acc1 and Acc2) used in the study. The terminal nonreducing Galf unit is shown in red, and the glycosidic linkage of this residue is shown in purple and green, respectively. The hydroxyl group that is the target for the next Galf addition is also highlighted in purple and green, respectively.](ao0c01434_0004){#fig3}

Results and Discussion {#sec2}
======================

Spring Shooting Statistics {#sec2.1}
--------------------------

We carried out TPS simulations using the spring shooting algorithm for the translocation between the START and END state for the following six systems: Acc1-AspH, Acc1-UDPh, Acc1-noUDP, Acc2-AspH, Acc2-UDPh, and Acc2-noUDP. The studied systems were constructed to explore the role of the substrate structure in the translocation as well as to study the effect of different protonation states and the absence of UDP on the translocation process. Thus, the studied complexes differ in the acceptor substrate bound to GlfT2 and in the environment of the active center. Acc1 and Acc2 denote a system that, after the translocation step, is oriented ready for the β-(1--5) and β-(1--6) reactions, respectively. AspH and UDPh indicate whether the proton from the donor nucleophilic hydroxyl group is on the catalytic acid Asp372 or the UDP after the transfer reaction. The label Acc2-AspH, for example, describes a system in which the acceptor substrate is Acc2, and the catalytic acid Asp372 is in the protonated state (with charge −1) while UDP is in the deprotonated state (with charge −3). Close-ups of Acc1-AspH and Acc2-AspH systems, together with the four collective variables (CVs) used in TPS simulations, are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The CVs describe the orientation of the nonreducing terminal Galf residue with respect to Asp371, catalytic Asp372, and side binding Glu300. The reducing end of the acceptor tetrasaccharides was not monitored since epitope mapping of known trisaccharide substrates indicated that the interactions of the reducing end with protein are smaller compared to the other end.^[@ref7]^

![Close-up of the active center of GlfT2 with the acceptor substrate showing the two states (START and END) of the translocation process. Acc1-AspH and Acc2-AspH systems are displayed to show a different orientation of the two substrates in the END states. Four CVs (CV1--4) used to define the START and END states are shown.](ao0c01434_0005){#fig4}

Initial TPS simulations were performed using the standard flexible length one-way shooting with a uniform selector. The simulations were initiated from trajectories obtained by RMSD driving as detailed in the [Methods section](#sec5){ref-type="other"}. Simulation details and the results of the uniform one-way shooting are shown in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf). This approach has proven to be ineffective for the system under study. The acceptance rate was low, and the decorrelation of paths was unsatisfactory. For this reason, the spring shooting algorithm was chosen for producing TPS simulations. The spring shooting algorithm is expected to be suitable for a biomolecular system with asymmetric barriers.^[@ref10]^ The final trajectory from the uniform one-way shooting attempt was used as an initial trajectory for the spring shooting. The exceptions are the Acc1-noUDP and Acc2-noUDP systems, which were initiated directly from the RMSD driving trajectory.

The path tree diagrams of the ensemble evolution of four systems are shown in the SI ([Figures S5--S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf)). Acceptance rate statistics are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, and the selected path length histograms are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. For the Acc1 systems, the acceptance rate of systems with protonated catalytic Asp372 (Acc1-AspH) is highest at 45%. The acceptance rate of Acc1-UDPh systems is lower at 33%, and for the Acc1-noUDP, the acceptance rate is 27%. For the Acc2 systems, the acceptance rate for the Acc2-AspH system of 43% is similar to the Acc1-AspH case.

![Path length histograms showing the distribution of the length of reactive trajectories for the four studied systems.](ao0c01434_0006){#fig5}

###### Acceptance Rates and Number of Decorrelated Trajectories for all Studied Systems

               acceptance rate    forward shooting   backward shooting   decorrelated trajectories
  ------------ ------------------ ------------------ ------------------- ---------------------------
  Acc1-AspH    119/265 (44.91%)   74/143 (51.75%)    45/122 (38.52%)     18
  Acc1-UDPh    73/220 (33.18%)    35/110 (31.82%)    38/110 (34.55%)     9
  Acc1-noUDP   54/196 (27.55%)    19/105 (18.10%)    35/91 (38.46%)      14
  Acc2-AspH    95/220 (43.18%)    32/104 (30.77%)    63/116 (54.31%)     20
  Acc2-UDPh    39/134 (29.10%)    0/59 (0.00%)       39/75 (52.00%)      0
  Acc2-noUDP   25/134 (18.66%)    1/63 (1.59%)       24/71 (33.80%)      2

The systems without UDP (noUDP) and with protonated UDP (UDPh) had the lowest number of generated trajectories among simulations with both acceptor substrates. For the Acc1-UDPh system, nine decorrelated trajectories, and for the Acc1-noUDP system, 14 decorrelated trajectories were obtained. In the case of the Acc2 system, results are dramatically different. An analysis of these simulations revealed that in the Acc2-UDPh system, none of the forward shooting events reached an endpoint during the five ns long simulation and were therefore not accepted. In the case of Acc2-noUDP, only one of the forward shooting events was accepted. As a result, the TPS simulation of the Acc2-UDPh system was unable to generate a single reactive trajectory of the translocation process and the Acc2-noUDP system generated only two trajectories. Thus, these two systems do not provide a sufficient amount of productive translocations and were therefore excluded from further analyses. The low frequency of dihedral angle motions and buffeting by the enzyme environment in the translocation process of tetrasaccharide requires a relatively long time for initiated trajectories. The shooting algorithm for generating trajectories might be ineffective in such cases.^[@ref9]^ We suspect that the Acc2-noUDP and Acc2-UDPh systems represent such cases. Moreover, a comparison of the starting structures of Acc1 and Acc2 systems revealed that their interactions with the enzyme differ. In the Acc2 system, the O3H hydroxyl group of the second-to-last Galf residue of the tetrasaccharide interacts with Glu300. This interaction is not seen in the Acc1 systems ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). This indicates that the O3H--Glu300 interaction hinders the translocation process in the Acc2-noUDP and Acc2-UDPh systems and might also contribute to the lower rate of accepted forward shootings in the Acc2-AspH system.

Looking at the statistics of the forward and backward shooting moves, we can see a difference between the Acc1-AspH and Acc2-AspH systems. Forward shooting moves in the Acc1-AspH systems had an over 50% acceptance rate, while backward shooting moves had a 38% acceptance rate. In contrast, the situation is reversed in the Acc2-AspH systems: forward shooting moves had 30% acceptance, and backward shooting moves had a 54% acceptance rate. The Acc1-UDPh system had approximately the same acceptance rate for both shooting directions. Finally, the Acc1-noUDP system had the lowest acceptance rate of the forward shooting moves (18%) among the successful systems.

The comparison of the path length histograms shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} demonstrates a difference between the Acc1-AspH and the other three systems. With the Acc1-AspH system, the distribution of path lengths peaks at short trajectories under one ns. The Acc1-UDPh system features a more expanded distribution of path lengths. There is still a small peak of short trajectories, though the distribution is more or less even and includes the longest trajectories of all four systems. As in the Acc1-AspH systems, the Acc2-AspH system has the distribution shifted to short trajectories, but the effect is less pronounced, and there are longer trajectories. Interestingly, the system without UDP (Acc1-noUDP) features no short trajectories. The minimal trajectory length, in this case, is barely under 1 ns. The distribution of the path lengths is otherwise uniform beyond this point.

The total number of shooting events is the same for the Acc1-UDPh and Acc2-AspH systems (220), but higher with the Acc1-AspH system (265). This is caused by the generally shorter trajectories of the Acc1-AspH systems compared to the other two systems. We were therefore able to perform more shooting events using the same computational resources. The number of decorrelated trajectories of Acc1-AspH and Acc2-AspH is essentially the same (18 vs 20) but lower for the Acc1-UDPh system. Tree diagrams showing the evolution of the path ensembles are shown in the SI ([Figures S5--S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf)).

Overall, the Acc1-ApsH system features the highest total acceptance rate, the highest acceptance rate of forward shooting moves, and the shortest trajectories. The Acc2-AspH system features a comparable overall acceptance rate, but a much higher acceptance rate of backward shooting moves at the expense of the forward shooting moves. The trajectories are shifted toward shorter lengths, but there are also longer trajectories. The Acc1-UDPh system has its total acceptance rate split equally among the backward and forward shooting moves, and also has more evenly distributed path lengths and the longest trajectories of all four systems.

Path Density Histograms {#sec2.2}
-----------------------

Differences between the transition path ensembles of the four different systems can be visualized using path density histograms. Path density histograms show what portion of trajectories visit a given point in conformational space. Path density histograms of all CVs used to define the START and END states are shown in the SI ([Figures S9 and S10](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf)). The most significant difference can be seen in the path density histograms of CV3 and CV4 shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. We note that the combination of the two collective variables CV3 and CV4 describes the orientation of the substrate with respect to the catalytic Asp372 and the side binding amino acid Glu300. Since different distances were used as CV3 and CV4 for the Acc1 and Acc2 systems, histograms showing both sets of distances are provided in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Path density histograms as a function of two distances: O5--Asp372 and O6--Glu300 (first column), and O6--Asp372 and O5--Glu300 (second column). These distances measure the orientation of the relevant hydroxyl groups with respect to the catalytic Asp372 and side binding Glu300. Distances used as either CV3 or CV4 for a given system are indicated. Positions of START and END states, as well as transition states (TS1--TS4), for a given system, are shown with arrows.](ao0c01434_0007){#fig6}

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows that with the Acc2-AspH system, the histograms are very centralized and shifted closer to Asp372. This implies that all of the trajectories of the Acc2-AspH system are confined to a limited conformational subspace close to Asp372. A comparison of Acc2-AspH to Acc1-AspH also revealed that the O5--Glu300 distance (CV4) in Acc2 is smaller than the corresponding distance O6--Glu300 in Acc1.

With the Acc1-AspH system, the density peak is moved toward higher values of CV3. This implies that the system occupies a conformational subspace further away from Asp372. The peaks of both histograms are broader than with the Acc2-AspH system. This indicates that the Acc1-AspH system is more diffusive and can access a more extensive section of the conformational space than the Acc2-AspH system.

Comparing histograms of the Acc1-AspH and Acc1-UDPh systems shows the effect of different active site protonation on the translocation process. In the Acc1-UDPh system, with deprotonated Asp372 and protonated UDP, the path density is shifted toward smaller distances between Asp372 and both Galf hydroxyl groups, O5 and O6. This is accompanied by an increase in the O5--Glu300 distance. Interestingly, the Acc1-UDPh system also explored part of the conformational space that was unexplored by the Acc1-AspH system. Specifically, the region of long O5--Asp372 distances (\>5 Å) and long O6--Glu300 distances (\>9 Å). The tendency to explore this part of the conformational space that is not relevant to the translocation could explain the lower acceptance rates of the Acc1-UDPh system. The Acc1-noUDP system, also with deprotonated Asp372 but without UDP, behaves similarly to the Acc1-UDPh system. We can see a similar shift to lower Asp372 distances and higher Glu300 distances. The protonation state and/or the presence of UDP also lead to differences in the distributions of the torsion angles related to the glycosidic bond of the terminal nonreducing Galf unit ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf)).

As the saccharide chain grows by one Galf unit in the course of the catalytic reaction, it should move continually outside the catalytic site. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows path density histograms of the acceptor substrate movement using CV5, which measures the distance of the Galf chain (disregarding the nonreducing terminal Galf) to the active site. With the Acc1-UDPh system, this distance grows by ∼3 Å as the translocation proceeds. The Acc1-noUDP system exhibits a similar trend but reaches a lower distance at the END state. Acc1-AspH and Acc2-AspH, on the other hand, start at higher CV5 and maintain this distance through the translocation process. This behavior is consistent with the effect that the protonated Asp372 has on the increased distance of the nonreducing terminal Galf to Asp372, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Here, we see that this effect propagates to the increased distance of the whole Galf chain. The flexibility of the Galf chain can be seen in the distributions of glycosidic bond torsion angles ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf)). In short, the Acc2 tetrasaccharide is more flexible than Acc1, and Acc1-UDPh has more flexibility around Galf3(β-1--5)Galf2 and Galf2(β-1--6)Galf1 bonds. The Acc1-AspH and Acc1-noUDP systems show comparatively little flexibility. The relatively low movement of the Galf chain with respect to the active site is consistent with the assumed nondissociative mechanism of GlfT2. The full dissociation of the acceptor substrate is prevented by a flexible loop covering the active site (shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} in pink). The native GlfT2 substrate also contains a lipid group binding, which would further disfavor substrate dissociation.

![Path density histograms as a function of the CV4 and the distance of the whole Galf chain from the active center (CV5). The histograms illustrate the movement of the entire Galf chain throughout the translocation process.](ao0c01434_0008){#fig7}

Transition State {#sec2.3}
----------------

One feature of the spring shooting algorithm is the biasing of the shooting point selection toward the transition state region. This allows us to take the frames selected as shooting points and obtain a structure of the transition state ensemble. Shooting points before reaching the transition state region were discarded; the rest were used to analyze the transition state.

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the transition state ensemble of the translocation process for the four analyzed systems. [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} shows the average values of CV1--CV4 in the transition state ensemble. An analysis of the structures in the transition state ensemble revealed that in all three cases, the nonreducing terminal Galf residue occupied a relatively small, well-defined region. This is reflected in the very similar values of CV1 ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) for all four systems. The remaining part of the tetrasaccharide substrate is more flexible. We can also see a different orientation of the nonreducing terminal Galf unit, and the entire tetrasaccharide, in the Acc1-UDPh system. This manifests itself in the effect of the different protonation patterns. In contrast, with the Acc1-AspH system, in the Acc1-UDPh, the interaction of the Galf unit with the phosphate group of UDP is weakened, while the interaction with Asp372 strengthened. As a result, the Galf unit rotates and interacts with Asp372 via the O2H and O3H hydroxyl groups. This orientation of Acc1-UDPh results in increased distances of O5 and O6 atoms to Glu300 (CV4 in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) and the difference in glycosidic bond torsion angles ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf)). Acc1-noUDP lacks the phosphate group of the UDP, and the nonreducing Galf unit is much closer to Asp372, which can be seen in the low values of CV3 ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). From [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, we can see three hydroxyl groups (OH3, OH5, and OH6) interacting with Asp372.

![Snapshots of transition state structures of the substrate translocation step in four systems (Acc1-AspH, Acc1-UDPh, Acc1-noUDP, and Acc2-AspH). Thick licorice representation shows average structures; thin lines show all structures in the transition state ensemble. Water molecules are omitted for clarity; analysis of the presence of water around the substrate is shown in [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf). [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf) shows the full-length acceptor substrate and all surrounding Glft2 residues.](ao0c01434_0009){#fig8}

###### Average Values of CV1--CV4 and Distances *d*3 and *d*4 in the Transition State Ensemble

               CV1           CV2           CV3           *d*3[a](#t2fn1){ref-type="table-fn"}   CV4            *d*4[b](#t2fn2){ref-type="table-fn"}
  ------------ ------------- ------------- ------------- -------------------------------------- -------------- --------------------------------------
  Acc1-AspH    5.70 ± 0.12   5.09 ± 0.13   4.92 ± 0.35   4.10 ± 0.21                            9.89 ± 0.10    9.39 ± 0.26
  Acc1-UDPh    5.71 ± 0.20   4.89 ± 0.06   5.16 ± 0.52   3.99 ± 0.27                            10.29 ± 0.25   11.32 ± 0.29
  Acc1-noUDP   5.89 ± 0.15   4.86 ± 0.04   4.23 ± 0.29   3.65 ± 0.11                            10.58 ± 0.25   11.18 ± 0.22
  Acc2-AspH    5.61 ± 0.08   4.12 ± 0.09   4.35 ± 0.15   3.20 ± 0.19                            8.21 ± 0.17    10.74 ± 0.18

Distance between the nonreacting oxygen atom of the nonreducing Galf and Asp372.

Distance between the reacting oxygen atom of the nonreducing Galf and Glu300.

The orientations of the nonreducing terminal Galf unit in Acc2-AspH resemble the orientation in the Acc1-AspH system, except for a tilt toward Asp371. This can be seen in a lower value of CV2 in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The difference between the Acc1-AspH system and the Acc2-AspH system originates from the difference in the linkage to the previous Galf unit. The β-(1--6) linkage in Acc1 permits the O5H hydroxyl group of the preceding Galf unit to interact with the phosphate group. Lys369 partially mediates this interaction. In contrast, the β-(1--5) linkage in Acc2 exposes the O6H hydroxyl group of the preceding Galf unit to Glu300. The interaction with Glu300 shifts and tilts the Acc2 tetrasaccharide, and as a result, the nonreducing terminal Galf approaches Asp371. Compared to Acc1-AspH, the transition state ensemble of Acc2-AspH also features a lower distance between the O5 atom and Glu300 and a higher distance between the O6 atom and Glu300. This is in agreement with the different final orientations of the two acceptor substrates in the END state. The distance between the O5 atom and Asp372 in Acc2-AspH is much lower than in Acc1-AspH. The decrease in the O5--Asp372 distance in Acc2-AspH is only accompanied by a moderate increase in the O6--Asp372 distance. This indicates a stronger interaction between the nonreducing terminal Galf and Asp372, which could hinder the translocation process in Acc2-AspH. Another factor might be the higher flexibility of the Acc2 tetrasaccharide glycosidic bonds ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf)).

In the studied systems, the position of Lys369 also differs. In the Acc1-AspH system, Lys369 interacts with the phosphate group of UDP and with the tetrasaccharide via the O2H hydroxyl group of the nonreducing terminal Galf unit and the O5H hydroxyl group of the previous Galf unit. The interaction of Lys369 with UDP disappears in the Acc1-UDPh system. Instead, Lys369 uniquely interacts with the tetrasaccharide substrate, specifically with the O4 atom of the nonreducing terminal Galf residue and with the O6 atom of the previous Galf residue. A similar situation is seen in the Acc1-noUDP system, where the UDP is not present in the active site. In the Acc2-AspH system, the interaction between Lys369 and the second-to-last Galf unit disappeared due to the different glycosidic linkages. Therefore, Lys369 is more flexible. The different behavior of Lys369 is also illustrated in the path density histograms in [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf).

Potential Energy {#sec2.4}
----------------

The information about the transition state ensemble allowed us to use the transition state optimization technique, precisely the NEB method, to obtain a single optimized transition state structure and its potential energy. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows the relative potential energy of the optimized transition state and the optimized END state compared to an optimized START state.

![Potential energy of the optimized transition state (TS) and the optimized END state relative to the optimized START state.](ao0c01434_0010){#fig9}

We can see that systems with deprotonated Asp372, Acc1-UDPh, and Acc1-noUDP have a higher potential energy barrier, 14.0 and 13.9 kcal/mol, respectively. These systems also have a higher relative potential energy of the END state. In the Acc1-noUDP case, it is 2.0 kcal/mol, and in the Acc1-AspH case, it is 1.2 kcal/mol. On the other hand, the two systems with protonated Asp372, Acc1-AspH, and Acc2-AspH have a lower potential energy barrier and also lower potential energy of the END state. Despite the difference in the substrate in these two systems, the values of their END state potential energy are very similar, but they differ in their barrier heights. The potential energy barrier is 6.1 kcal/mol, and the END state potential energy is −2.4 kcal/mol for the Acc1-AspH system. For the Acc2-AspH system, the potential energy barrier is higher at 10.3 kcal/mol, and the END state potential energy is −2.3 kcal/mol. The higher barrier and END state potential energies of Acc1-UDPh and Acc1-noUDP might help to explain the higher TPS failure rate of these systems, while the lower potential energy barrier of the Acc1-AspH system might help explain its higher TPS success rate.

Cluster Analysis {#sec2.5}
----------------

To gain further insight, we performed cluster analysis on the whole ensemble of reactive trajectories to identify the dominant conformations of the translocating substrate and the active site. All relevant details are shown in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf). [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows the representative structures of the most occupied clusters for the four analyzed systems. In all cases, the top cluster represents over 65% of all trajectory snapshots, and for the Acc1-UDPh system over 90%. A simple analysis of the evolution of reactive trajectories (shown in [Figures S20--S23](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf)) shows that in all cases, the top cluster serves as a "central hub" conformation, through which (almost) all trajectories pass. This conformation likely represents a metastable state important for the translocation process.

![Representative structures of the translocating substrate of the most populated clusters identified by the cluster analysis of all of the reactive trajectories for the four studied systems.](ao0c01434_0011){#fig10}

[Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} again highlights the effect of the protonation pattern on the translocation process. The two cases with the deprotonated As372 (Acc1-UDPh and Acc1-noUDP) feature close contacts of the Galf hydroxyl groups with the deprotonated Asp372. A total of three hydroxyl groups (OH3, OH5, and OH6) are orientated toward Asp372 in the Acc1-UDPh system, and the situation is similar in Acc1-noUDP. In both these cases, the conformation of the nonreducing Galf residue is closer to the START state than the END state.

The two systems featuring Asp372 in the protonated state (Acc1-AspH and Acc2-AspH) exhibit a different behavior of Asp372 toward the translocation Galf unit. In the Acc2-AspH system, Asp372 interacts with the OH5 group of Galf via a hydrogen bond but acts as a hydrogen bond donor and not an acceptor. The conformation of the Galf unit in the dominant cluster of these two systems is also closer to the transition state structure or even the END state than to the START state.

Discussion {#sec3}
==========

Most glycosyltransferases catalyze a single glycosyl residue transfer, after which the elongated acceptor and UDP leave the enzyme. However, GlfT2 is a processive enzyme that does not release the galactan chain until it reaches 30--35 Galf residues. Therefore, the GlfT2 catalytic process requires galactan translocation and regeneration of the active site by releasing the remaining part of the donor, UDP. This is a complex process, and understanding this is further complicated by the lack of knowledge about the order of all of the required steps. Therefore, several issues need to be addressed. Among these are understanding whether a proton transfer from the protonated catalytic base Asp372 to UDP, which facilitates UDP leaving the active site, occurs before or after the translocation of the acceptor substrate step. Another question is whether the UDP-Galf donor enters the active site before or after the translocation step. The results of this study do not answer these questions directly, but they do provide detailed information on this process at the microscopic level.

Comparison of the results for Acc1-AspH and Acc1-UDPh suggests that the deprotonation of the catalytic base leads to increased interactions between the hydroxyl groups of the nonreducing terminal Galf unit and the catalytic base Asp372. This is reflected in path density histograms ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) that are shifted toward lower CV3 values in the systems with deprotonated Asp372. These interactions also affect the structures of the transition state ensemble ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) and the dominant structure obtained from cluster analysis ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). Both structures show multiple hydroxyl groups of the Galf interacting with Asp372 via either hydrogen bonds or through electrostatic interactions. With protonated Asp372, interactions with Asp372 are fundamentally different. First, the catalytic base Asp372 is neutral and can also function as a hydrogen bond donor. The change in interactions between the nonreducing terminal Galf residue and Asp372 is seen in the structures of the transition state ensemble ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) and dominant structures of the cluster analysis ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}) as well as in the path density histogram, which is shifted toward the higher CV3 values ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). This movement of the nonreducing terminal Galf unit further from Asp372 is responsible for a relocation movement of the whole tetrasaccharide chain away from the active site, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The system without UDP and with deprotonated Asp372 (Acc1-noUDP) behaves similarly to the system with the protonated UDP and deprotonated Asp372 (Acc1-UDPh).

The difference in the translocation of Acc1 and Acc2 substrates is caused by the difference in the linkage between the nonreducing terminal and second-to-last Galf residue of a tetrasaccharide. The β-(1--5) linkage in the Acc2 substrate leaves the OH6 hydroxyl group of the preceding Galf unit exposed to the environment. The structure of the transition state ensemble ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) shows the nonreducing terminal Galf residue tilted toward Asp371 and the preceding OH6 hydroxyl group oriented toward Glu300. The situation is reversed in Acc1, where the β-(1--6) linkage exposes the OH5 hydroxyl group of the preceding Galf unit. The OH5 hydroxyl group is then in a position to interact with the phosphate group of UDP. The dominant structure of the Acc1-AspH translocation (shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}) shows the nonreducing terminal Galf residue tilted the other way, toward the side binding Glu300. The alternation of created linkages is, based on these results, likely caused by the interactions of the preceding OH5 and OH6 groups and Glu300 and the phosphate group of the leaving UDP.

For both substrates, the systems with the shortest translocation trajectories ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) and the highest rate of accepted forward shooting moves ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) are Acc1-AspH and Acc2-AspH, respectively. This may suggest that the translocation step proceeds with the protonated catalytic base Asp372 and with the UDP present in the active site. The calculated barriers are, due to the methodology used, only estimates, but they support the TPS results and the proposed mechanism. The predicted barrier for the Acc1-AspH translocation step in GlfT2 is comparable with the barrier of 4 kcal/mol predicted for the processive motion in cellobiohydrolase.^[@ref11]^ These barriers are significantly lower than the calculated barriers for the chemical steps (∼29 kcal/mol), suggesting that the translocation step is not the rate-limiting process in GlfT2.

The results also shed light on the two Acc2 systems that failed to produce successful translocation trajectories, Acc2-UDPh and Acc2-noUDP, which both features deprotonated Asp372. We can see that translocation of Acc1 in the presence of deprotonated Asp372 is more complicated than with the protonated Asp372. We can also see that even with protonated Asp372, the translocation of Acc2 is more complicated than the Acc1 translocation. Following these trends, it makes sense that the translocation of Acc2 in the presence of deprotonated Asp372 would fail.

Altogether, our results, especially for the favorable systems Acc1-AspH and Acc2-AspH, support a processive mechanism of GlfT2 and may suggest that the remaining part of the donor UDP leaves the active site after translocation. However, additional experiments will be necessary to establish details of the kinetics.

Conclusions {#sec4}
===========

In this study, we carried out extensive TPS simulations of the translocation step of Galf tetrasaccharide inside the active site of a processive glycosyltransferase GlfT2. The transition path sampling methodology, specifically the spring shooting algorithm, was used to generate transition trajectories of the translocation process. In total, six systems were constructed and investigated. The studied systems differed in the glycosidic linkages of the translocating tetrasaccharide substrate (Acc1 vs Acc2), in the protonation pattern of residues in the active site (AspH vs UDPh), or they lacked the UDP substrate (noUDP). The analysis of the generated ensembles of unbiased translocation trajectories revealed atomistic details of the galactan-GlfT2 interactions that drive the processive motion and how these circumstances affect the translocation process. This analysis indicates that after the first chemical step (the formation of the β-(1--5) or β-(1--6) glycosidic linkage), the translocation step with the protonated catalytic base and UDP present in the active site follows. UDP then leaves the active site, clearing a place for the entry of the donor UDP-Galf, after which the second chemical step occurs (the formation of the β-(1--6) or β-(1--5) glycosidic linkage). The calculated barrier of the translocated process is comparable with other processive systems, such as cellobiohydrolase. Moreover, the translocation barrier is significantly lower than the transfer barrier, suggesting that the rate-limiting step in the biosynthesis of the galactan chain by GlfT2 is the glycosylation reaction, not the chain translocation.

Methods {#sec5}
=======

TPS is an unbiased powerful simulation technique for studying rare transition processes. It has several advantages over other enhanced sampling methods, such as metadynamics or umbrella sampling. First, it does not require detailed insight into the process. There is no need for a collective variable that correctly describes the entire process. TPS simulations only need the definition of the initial (START) and final (END) state to be defined. Second, TPS does not bias the underlining dynamics of the system. The result of a TPS simulation is an ensemble of unbiased reactive trajectories connecting two predefined stable states.

The starting structures of a substrate--enzyme complex for TPS, each containing one of the tetrasaccharides Acc1 or Acc2 (shown schematically in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) located in the active site of GlfT2, were taken from our previous study of the GlfT2 glycosyltransferase reaction mechanism.^[@ref8]^ The system was built from the crystallographic structure of GlfT2 with bound UDP (PDB ID: 4FIY),^[@ref6]^ the rest of the donor substrate was modeled manually and acceptor substrate docked. Classical MD simulations of the ternary complexes were performed to relax the systems and judge the stability of the substrate binding. More details are provided in ref ([@ref8]). The β-(1--6) and β-(1--5) reactions were then simulated using the CPMD method coupled with the string method. The final structures from these simulations represent the START states for TPS simulations in the present study. The tetrasaccharide Galfβ(1--6)-Galfβ(1--5)-Galfβ(1--6)-Galfβ (Acc1) represents the substrate for the reaction that yields a pentasaccharide with a β-(1--5)-linked nonreducing terminal Galf. The END state of the Acc1 TPS simulations corresponds to the productive location of the nonreducing terminal Galf with the nucleophilic O5H hydroxyl group oriented toward Asp372. The tetrasaccharide Galfβ(1--5)-Galfβ(1--6)-Galfβ(1--5)-Galfβ (Acc2) is the substrate for the formation of a pentasaccharide with a β-(1--6) linkage at the nonreducing end. At the end state of this translocation, the nucleophilic O6H hydroxyl group is oriented toward Asp372. The initial structures taken from the reaction mechanism study contained catalytic Asp372 in a protonated state and UDP in a deprotonated state. These systems are labeled AspH in this study. In addition to this, systems with the altered protonated state were prepared. Systems labeled UDPh contained catalytic Asp372 in a deprotonated state and UDP in a protonated state. Systems without UDP and with deprotonated As372 were labeled noUDP.

Force field parameters for the protein and saccharide part were the same as in the previous study: FF14SB^[@ref12]^ and Glycam06,^[@ref13]^ respectively. The UDP, in both protonation states, was treated using parameters from the project F90 data set of cofactors' parameters from the R.E.DD.B. database.^[@ref14]^ Water was described using the TIP3P model.^[@ref15]^ Parameters derived by Joung and Cheatham were used for Na^+^ and Cl^--^ ions.^[@ref16]^ The one Mg^2+^ ion present in the active center was described using parameters optimized by Allnér et al.^[@ref17]^ Simulation boxes were kept the same as in the previous study: each system was solvated in a 10 Å-thick solvent shell with a 0.154 M concentration of Na^+^ and Cl^--^ ions and placed in a cubic box. All of the studied systems were equilibrated by following an equilibration protocol. Unbiased molecular dynamics (MD) simulations were run for 20 ns. The equilibration and unbiased MD were done using AMBER14^[@ref18],[@ref19]^ using the same simulation setup as in the preparatory steps of the previous study: systems were heated to 300 K with positional restraints on the protein complex, the restraints were gradually decreased from 50 to 1.0 kcal/mol and finally an unbiased simulation.

An initial trajectory of the translocation process was generated using RMSD driving. The RMSD of the Glu300 and Asp372 protein residues and terminal three Galf units were used for the driving. The target structure (the END state of TPS simulations) for the driving was given by the orientation of the nonreducing terminal Galf in a Michaelis complex for a given reaction that was obtained in our QM/MM study.^[@ref8]^ Thus, for the Acc1 systems, the target structure was given by the Galf orientation in the Michaelis complex for the β-(1--5) reaction, and for Acc2 systems, the target structure was given by the Galf orientation in the Michaelis complex for the β-(1--6) reaction. The driving was performed using the path driving functionality of PMFlib^[@ref20]^ coupled with AMBER14. The systems were driven from the starting conformation to the target RMSD value of 0.05 Å for 5 ns of simulation.

TPS was performed using the software package OpenPathSampling (OPS) version 0.9.4^[@ref21],[@ref22]^ coupled with OpenMM version 7.2.2^[@ref23]^ as the MD engine. Simulations were run on GPUs using the CUDA interface of OpenMM. Particle Mesh Ewald was used to treat long-range electrostatic interactions with a cutoff of 10 Å. The time step used was 2 fs. Bonds containing hydrogen were constrained to their equilibrium lengths. Velocity Verlet with velocity randomization integrator^[@ref24]^ was used to propagate equations of motion. The temperature was set to 300 K, and the collision rate to 1/ps. The pressure was kept at 1 atm using a Monte Carlo barostat. The trajectory was saved every 1000 MD steps (2 ps).

The START state of the translocation process is based on the structure of the ternary complex after the glycosylation reaction simulated in our previous work.^[@ref8]^ The END state of the translocation process is based on the ternary complex structure created using acceptor substrate docking and classical MD in our earlier work.^[@ref8]^ In the TPS simulations, the START and END states are defined using four collective variables (CV1--CV4), schematically shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The CVs provide a robust definition of the end states independent of the nature/origin of the initial structures. They characterized the distance between relevant groups of atoms represented by their center of mass (CoM). CV1 describes the position of the nonreducing terminal Galf unit with respect to the active center defined by Glu300 and Asp372 residues; CV2 describes the orientation of O5H and O6H hydroxyl groups of the Galf unit relative to Asp371; CV3 describes the proper orientation (and interaction) of the reacting nucleophilic hydroxyl groups (O5H in Acc1 and O6H in Acc2) with respect to the catalytic amino acid Asp372, and CV4 describes the orientation (and interaction) of the nonreacting hydroxyl groups (O5H in Acc1 and O6H in Acc2) with respect to the side binding Glu300. In addition to CV3 and CV4, we defined the distances *d*3 and *d*4: *d*3 describes the distance of the nonreacting hydroxyl group to Asp372, and *d*4 describes the distance of the reacting hydroxyl group to Glu300. Thus, CV1 is defined as the distance between the CoM of the four atoms Glu300_OE1, Glu300_OE2, Asp372_OD1, and Asp372_OD2 and the CoM of the nonreducing terminal Galf unit; CV2 is defined as the distance between the CoM of the two atoms Asp371_OD1 and Asp371_OD2 and the CoM of the two atoms Galf_O5H and Galf_O6H. Since the END state of the Acc1 and Acc2 system differs in the orientation of the nucleophilic hydroxyl group O5H and O6H with respect to Asp371, the definition of CV3 and CV4 for Acc1 and Acc2 differs. CV3 is defined as the distance between the CoM of the two atoms Asp372_OD1 and Asp372_OD2 and the CoM of Galf_O5H for Acc1 and Galf_O6H for Acc2, respectively. The other distance not used as CV3 for a given system is labeled d3. Similarly, CV4 is defined as the distance between the CoM of two atoms, Glu300_OE1 and Glu300_OE2, and the CoM of Galf_O6H for Acc1 and Galf_O5H for Acc2, respectively. Similarly, the other distance not used as CV4 for a given system is labeled *d*4. The CV3 and CV4, and their values, were defined in accordance with the suggested acceptor substrate orientation provided in ref ([@ref6]), which was based on the mutagenetic study of Asp372 and Glu300.^[@ref6]^ The values of the CVs defining the two states are listed in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. An additional collective variable, CV5, was used to analyze the movement of the whole tetrasaccharide chain with respect to the catalytic center. The CV5 (sugar-center move) was defined as the distance between the CoM of the protein residues Tyr344, Asp371, and Asp372 and the CoM of the first three sugar units from the reducing end of the Galf tetrasaccharide.

###### Threshold Values of CVs (in Å) of Distances that Define the START and END States[a](#t3fn1){ref-type="table-fn"}

        START    END
  ----- -------- -------
  CV1   \>5.25   \<4.0
  CV2   \<5.5    \>6.0
  CV3   \>3.0    \<5.5
  CV4   \>9.5    \<5.5

Note that for the Acc1 and Acc2 systems, different distances for CV3 and CV4 are used to account for the different orientations in the END state (see definition in the text).

Initial trial TPS simulations were performed using a standard flexible length one-way shooting algorithm. The production TPS simulations were performed using the spring shooting algorithm.^[@ref10]^ The spring constant used was 0.1, and the range used was 10 frames. The exceptions were the noUDP systems, for which the spring shooting simulation was initiated directly from the RMSD driving trajectory, and the range was changed to 50 frames; the spring constant was kept at 0.1. The starting position of the shooting point was kept at the default 0.5 of the trajectory length. The maximum length of the shooting attempt was 5 ns, after which the shooting move would be rejected. This was done to avoid excessive use of the available computational resources.

To estimate the energy barriers of the translocation step, a minimum potential energy path optimization was performed using the nudged elastic band (NEB) method^[@ref25],[@ref26]^ implemented in the package ASE^[@ref27]^ coupled with AMBER. The NEB simulations were performed at the MM level using the same force field parameters as the TPS simulations described previously. The last structure of the transition state ensemble was selected and quenched using restrained MD. The active center (last two Galf units, Asp372, Glu300, UDP) was restrained, and an MD simulation with the temperature gradually decreasing to 0 K was performed. Water molecules were then removed, and the implicit solvent model^[@ref28]^ was used instead in the NEB optimization. A similar procedure was used for the optimization of the START and END structures. For these structures, standard minimization in AMBER was performed using 5000 steps of steepest descent and 2500 steps of the conjugate gradient method to obtain their potential energy. Additional two structures, each at either side of the approximate TS structure, were created using linear interpolation for a total of five images used in the NEB optimization. The two endpoints were kept fixed, and only the other three beads were optimized. The tetrasaccharide substrate, Glu300, Lys369, Asp371, and Asp372, and the last phosphate group of UDP were allowed to move freely during the NEB optimization. The rest of the system was restrained using positional restraints with a force value of 25 kcal/mol. The optimization was terminated when a point of maximum force lower than 0.05 eV·Å^--1^ (1.153 kcal·mol^--1^·Å^--1^) was reached.

Cluster analysis of the transition trajectory ensembles was performed using the cpptraj program from the AMBER suite. The clustering was performed based on the RMSD of the two nonreducing terminal Galf units, Glu300, Lys369, Asp371, and Asp372. The hierarchical agglomerative algorithm was used for the clustering, and it was terminated once the minimum distance between clusters was larger than 1.5 Å. This resulted in four to nine total clusters being identified, depending on the system.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01434](https://pubs.acs.org/doi/10.1021/acsomega.0c01434?goto=supporting-info).Initial one-way shooting (Table S1, Figures S1--S8); path density histograms of CVs 1--4 (Figures S9 and S10); path density histograms showing the position of Lys369 (Figures S11 and S12); water molecules around TS (Figure S13); full-length substrates at TS (Figure S14); distribution of glycosidic bond torsion angles (Figure S15); clustering analysis results (Table S2, Figures S16--S19); evolution of reactive trajectories (Figures S20--S23) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_001.pdf))NEB-optimized translocation transition states ([ZIP](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01434/suppl_file/ao0c01434_si_002.zip))
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